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ABSTRACT
Numerous studies of integrated starlight, stellar counts, and kinematics have confirmed
that the Milky Way is a barred galaxy. However, far fewer studies have investigated
the bar’s stellar population properties, which carry valuable independent information
regarding the bar’s formation history. Here we conduct a detailed analysis of chemical
abundance distributions ([Fe/H] and [Mg/Fe]) in the on-bar and off-bar regions to
study the azimuthal variation of star formation history (SFH) in the inner Galaxy.
We find that the on-bar and off-bar stars at Galactocentric radii 3 < rGC < 5 kpc have
remarkably consistent [Fe/H] and [Mg/Fe] distribution functions and [Mg/Fe]–[Fe/H]
relation, suggesting a common SFH shared by the long bar and the disc. In contrast,
the bar and disc at smaller radii (2 < rGC < 3 kpc) show noticeable differences, with
relatively more very metal-rich ([Fe/H] ∼ 0.4) stars but fewer solar abundance stars in
the bar. Given the three-phase star formation history proposed for the inner Galaxy
in Lian et al. (2020c), these differences could be explained by the off-bar disc having
experienced either a faster early quenching process or recent metal-poor gas accretion.
Vertical variations of the abundance distributions at small rGC suggest a wider vertical
distribution of low-α stars in the bar, which may serve as chemical evidence for vertical
heating through the bar buckling process. The lack of such vertical variations outside
the bulge may then suggest a lack of vertical heating in the long bar.
Key words: The Galaxy: abundances – The Galaxy: bulge – The Galaxy: formation
– The Galaxy: evolution – The Galaxy: stellar content – The Galaxy: structure.
1 INTRODUCTION
Galactic bars are common, elongated stellar structures
found at the center of disc galaxies (e.g., Jogee et al. 2004;
Aguerri et al. 2009; Buta et al. 2015). Although they con-
tribute a minor fraction of the total stellar mass of a galaxy,
bars play an important role in galaxy evolution and bulge
formation (Kormendy & Kennicutt 2004). The Milky Way
? jianhui.lian@astro.utah.edu
is also a barred galaxy, with bar structure identified in both
light density profiles (Blitz & Spergel 1991) and kinematics
(Binney et al. 1991). The inner Milky Way is composed of
an elongated bar (buckled inner bar+planar outer bar) inset
in the disc, inner halo stars, and possibly a weak spheroidal
classical bulge in the center (Barbuy et al. 2018).
The chemistry of a stellar population’s birth gas cloud is
imprinted on the population’s chemical composition, which
thus reflects the formation and enrichment history of ear-
lier stellar generations. To infer a galaxy’s history from the
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chemical compositions of its stars, extensive spectroscopic
observations of individual stars formed at different epochs
are needed. Due to high extinction towards the Milky Way’s
center, inner Galaxy observations were long limited to small
samples located at off-plane regions with relatively lower
extinction. With these limitations, most previous studies on
the chemical properties of the inner Galaxy focused on the
spatially-averaged chemical properties of the inner Galaxy.
Early photometric and spectroscopic studies suggested
that bulge stars in the Milky Way are generally old and α-
rich (e.g., Zoccali et al. 2003; Cunha & Smith 2006). More
recent large spectroscopic surveys that target the bulge, such
as ARGOS (Freeman et al. 2013) and APOGEE (Majew-
ski et al. 2017), are now rapidly overcoming the obstacles
faced in earlier bulge studies and providing high-quality
spectra for unprecedentedly large samples of stars in the
inner Galaxy. These data reveal a complex mixture of bulge
stellar populations with a wide range of metallicity and com-
plex structure in their elemental abundances (e.g., Ness et al.
2013; Garćıa Pérez et al. 2018; Rojas-Arriagada et al. 2019;
Zasowski et al. 2019; Queiroz et al. 2020b; Rojas-Arriagada
et al. 2020), kinematics (e.g., Kunder et al. 2012; Ness et al.
2016; Zasowski et al. 2016), and ages (e.g., Bensby et al.
2013, 2017; Schultheis et al. 2017; Hasselquist et al. 2020).
Many studies have argued that the bulge is composed
of (at least) two primary populations with distinctive α el-
ement abundance (Babusiaux et al. 2010; Hill et al. 2011;
Schultheis et al. 2017; Rojas-Arriagada et al. 2019; Lian
et al. 2020c). A star formation quenching (Haywood et al.
2018; Lian et al. 2020b) or interruption (Chiappini et al.
1997; Matteucci et al. 2019) that bridges the formation of
the two main populations is proposed to explain this α-
dichotomy.
The extensive coverage of large surveys enables not only
studies of the average bulge properties, or even of its gradi-
ents, but also an assessment of the connection between the
inner Galactic disc and the bar embedded inside of it (e.g.,
Bovy et al. 2019; Wegg et al. 2019; Queiroz et al. 2020a).
Based on APOGEE data, Bovy et al. (2019) studied the
chemistry, age, and kinematics of the bar as well as off-bar
disc inside the bar radius on the plane (rGC < 5kpc and
|z| < 0.3 kpc). The authors found that the bar tends to
contain more old, metal-poor stars than the disc, which was
interpreted as evidence of early bar formation in the Milky
Way. In contrast, Wegg et al. (2019) found that the bar at
rGC ∼ 3 − 4 kpc is more metal-rich than the disc (using
spatial and kinematical definitions to classify bar and disc
stars; see also Queiroz et al. 2020a).
To explore the azimuthal variation of stellar chemical
compositions in the inner Galaxy, in this paper we present a
detailed comparison between the bar and the off-bar disc at
different radial and vertical positions. The goal of this study
is to understand whether and how the formation histories of
the Galactic bar and off-bar disc are different.
2 OBSERVATIONS
2.1 Sample selection
We select stars with APOGEE data in the SDSS-IV Data
Release 16 (DR16; Ahumada et al. 2019; Jönsson et al.
Figure 1. Spatial distribution of APOGEE stars in the Galactic
X − Y plane. The larger black circle indicates the total region
for our inner Galaxy sample selection, while the smaller circle
marks the boundary between radially separated sub-samples (Sec-
tion 2.1). The orange ellipse illustrates the bar definition adopted
in this work. The positions of the Sun and Galactic center are
marked.
2020) and post-DR16 APOGEE internal data release, which
includes data from observations through March 2020 that
have been reduced with a very slightly updated version of
the DR16 pipeline (r13). APOGEE is a near-infrared, high-
resolution spectroscopic survey (Blanton et al. 2017; Ma-
jewski et al. 2017) that uses custom spectrographs (Wilson
et al. 2019) at the 2.5 m Sloan Telescope and the NMSU
1m Telescope at the Apache Point Observatory (Gunn et al.
2006; Holtzman et al. 2010), and at the 2.5 m Irénée du Pont
telescope (Bowen & Vaughan 1973) at Las Campanas Ob-
servatory. APOGEE targets primarily red clump and red
giant branch stars throughout the Galaxy (Zasowski et al.
2013, 2017).
We use chemical abundances and stellar parameters de-
rived by custom pipelines described in Nidever et al. (2015)
and Garćıa Pérez et al. (2016)1 and spectro-photometric dis-
tances based on the procedure described in Rojas-Arriagada
et al. (2017). We confirm that our results do not change sig-
nificantly when using StarHorse distances (Queiroz et al.
2018, 2020b). Based on comparison to optical observations,
magnesium is shown to be the most reliably measured α el-
ement in APOGEE (see more discussion on the method and
reliability of individual elemental abundances in APOGEE
in Jönsson et al. 2018, 2020). It is therefore used to trace
the α abundance in this work. We note that the elemen-
tal [Fe/H] abundance of APOGEE stars is not populated
in the catalog when it differs from [M/H] (the total metal
content determined from the entire spectrum) by >0.1 dex.
The discrepancy between [Fe/H] and [M/H] measurements
is not fully understood yet. For security, we exclude stars
that exhibit this discrepancy, which are mostly metal-rich
1 An interface for inspecting and downloading APOGEE spectra
can be found at https://dr16.sdss.org/infrared/spectrum/
search
© 0000 RAS, MNRAS 000, 000–000
Chemical properties of the MW’s bar 3
([Fe/H] > 0.1) and cool (Teff < 4000 K). This selection has
the effect of making our result regarding stars at the high-
metallicity end of the distribution less significant than it
would be otherwise, due to the lower counts.
To ensure reliable measurements of stellar properties,
we select stars with spectral signal-to-noise ratio (SNR)
above 60 and without warning flags set in the data quality
and parameter determination bitmasks2. Specifically, we
select stars with EXTRATARG == 0 and with the 1st, 4th,
9th, 16th and 17th bits of STARFLAG set equal to 0, cor-
responding respectively to COMMISSIONING, LOW SNR,
PERSIST HIGH, SUSPECT RV COMBINATION, and
SUSPECT BROAD LINES. We also require that the 19th
and 23th bits of ASPCAPFLAG be set to 0, corresponding
to METALS BAD and STAR BAD. The chemical abun-
dance determinations from the APOGEE pipeline tend to
become less robust towards lower effective temperature
(Teff). Therefore we further exclude stars with Teff < 3500K
(Hasselquist et al. 2019). We tested other minimum effective
temperature limits, e.g., 4000 K, and confirmed that our
results are robust against the choice of this limit.
The Galactic bar is an elongated structure that extends
out to 5 kpc (or Galactic longitude l ∼ 25°) at an angle to
the line-of-sight to the Galactic center of ∼ 25° (e.g., Stanek
et al. 1997; Wegg & Gerhard 2013; Wegg et al. 2015). In
this work, we select stars “on” and “off” the bar following
the definition in Bovy et al. (2019). The bar is defined as an
ellipse in the Galactic X−Y plane with a half-length of 5 kpc
and an axis ratio of 0.4, angled 25◦ from the line of sight
to the Galactic Center. The off-bar component is defined
as the region outside of the bar ellipse with Galactocentric
radius within 5 kpc. Figure 1 shows the spatial distribution
of APOGEE stars in the X − Y plane. The larger black
circle, with a radius of 5 kpc, indicates the region for the
selection of the entire sample, while the smaller circle with
radius 3 kpc is used to separate this inner Galaxy sample
into two radial bins. The orange ellipse indicates the bar’s
spatial definition from Bovy et al. (2019).
Figure 2 shows the spatial distribution of selected on-
and off-bar samples in the rGC − |z| plane. It is clear that
the on- and off-bar samples have very different radial dis-
tributions, with peak densities around rGC ∼ 1 kpc and
5 kpc, respectively. This difference is largely due to the bar
definition adopted in this work, which comprises most of
the inner rGC < 3 kpc region. The off-bar sample peaks
at rGC ∼ 5 kpc because the off-bar region, by definition,
is dominated by the outer annulus whose radial distribu-
tion is weighted towards larger rGC. The peak density of
the on-bar sample at rGC ∼ 1 kpc is also a result of the bar
selection area and observational density distribution, this
time weighted towards smaller rGC. To mitigate potential
biases that may be introduced by the different spatial dis-
tributions, we perform spatial resampling to ensure the same
distribution of the on- and off-bar samples in the rGC − |z|
plane (see more details in Section 2.2). In order to study po-
tential spatial variation of stellar populations on/off the bar,
we split our on- and off-bar samples into four sub-regions in
the rGC − |z| plane. We use the term “bulge” here to refer
2 https://www.sdss.org/dr16/algorithms/bitmasks/
#ListofBitmasks
to the innermost part of the Milky Way, with rGC < 3 kpc,
to distinguish from the inner disc at slightly larger radii
(rGC = 3− 5 kpc).
• mid-plane inside the bulge, rGC < 3 kpc and |z| <
0.5 kpc (356 stars)
• off-plane inside the bulge, rGC < 3 kpc and 0.8 < |z| <
1.5 kpc (283 stars)
• mid-plane outside the bulge, 3 < rGC < 5 kpc and
|z| < 0.5 kpc (2538 stars)
• off-plane outside the bulge, 3 < rGC < 5 kpc and 0.8 <
|z| < 1.5 kpc (3178 stars)
2.2 Spatial resampling
The inner Galaxy has clear radial and vertical gradients in
chemical abundances and age (Zoccali et al. 2017; Garćıa
Pérez et al. 2018; Bovy et al. 2019; Hasselquist et al. 2020).
As a result, the chemical properties of the on-bar and off-bar
regions depend on the radial and vertical distribution of the
stars observed in each region. To conduct a fair comparison,
we randomly resample the on-bar stars to have a distribution
in the rGC − |z| plane identical to that of the off-bar stars.
This random resampling is repeated 100 times to obtain the
median chemical abundance distribution of the resampled
on-bar population. We note that after the resampling of the
on-bar stars to match the radial and vertical distribution
of the off-bar stars, the in-bulge on- and off-bar samples
(top two in the list above) are concentrated between rGC ∼
2− 3 kpc and heavily weighted to 3 kpc.
3 ABUNDANCE DISTRIBUTION
COMPARISONS
3.1 Abundance distribution functions
We first compare the [Fe/H] and [Mg/Fe] distribution func-
tions (MDF and α-DF) of the on-bar and off-bar regions,
as illustrated in Figure 3. Each column indicates one of the
regions in the rGC − |z| plane described in Section 2.1.
In the middle-right and right columns, which show the
comparison outside the bulge region, the MDF and α-DF of
the on-bar and off-bar stars are remarkably consistent, re-
gardless of vertical height. The Galactic bar consists of two
main sub-components: a buckled inner bar with a peanut-
shaped projected density distribution within rGC < 3 kpc,
and a planar outer bar that extends to rGC ∼ 5 kpc and
is also called the long or thin bar (e.g., Wegg et al. 2015;
Barbuy et al. 2018). The indistinguishable chemical abun-
dance distributions between the long bar and off-bar disc
suggest either very efficient azimuthal mixing between the
two structures or that they have experienced rather simi-
lar star formation and chemical enrichment histories. The
observed azimuthal abundance variation inside the bulge
(shown below) and in external barred galaxies (Neumann
et al. 2020), however, disfavors the azimuthal mixing sce-
nario.
In the left and middle-left panels of Fig. 3, which
show the comparison inside the bulge region, notable dif-
ferences exist between the MDF and α-DF of the on-bar
and off-bar stars. The shaded regions indicate the Pois-
son noise at a given [Fe/H] and [Mg/Fe]. The MDF of
© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Spatial distribution of on-bar (left-hand panel) and off-bar (right-hand panel) samples in the rGC-|z| plane.
Figure 3. [Fe/H] and [Mg/Fe] distributions of stars in different regions. The top row shows the four regions considered in this work (see
Section 2.1). The middle and bottom rows contain the distributions of [Fe/H] and [Mg/Fe], respectively, for stars in the region at the
top of each column. On-bar distributions are shown as blue solid lines, and off-bar as red dashed lines. Shaded areas indicate 1σ scatter,
assuming Poisson noise.
the bar in the mid-plane (upper left panel) extends to a
higher [Fe/H] than the off-bar disc by ∼ 0.2 dex, resulting
in an excess of very metal-rich stars ([Fe/H] ∼ 0.4) in the
rGC ∼ 2−3 kpc region spanned by our bar stars. The corre-
sponding α-DF in the bottom-left panel shows no significant
difference in the plane. However, off the plane (middle-left
column) there is a clear excess of metal-rich, low-α stars
([Fe/H] > 0.2 and [Mg/Fe] < 0.1) on the bar compared to
the off-bar sample. To explore the potential effect of stellar
parameters (i.e., log(g) and Teff) on the on/off-bar compar-
ison, we resample the stellar parameter distribution of the
on-bar sample to be identical to that of the off-bar sam-
ple. With this further resampling, the differences in MDF
and α-DF described above persist, suggesting that they are
not caused by differences in stellar parameters of the sam-
ples. Note that the usage of [Fe/H] in this work (instead of
[M/H]) excludes a minor fraction of metal-rich stars, which
are preferentially located in the bar. Due to the resulting
lower counts, then, we expect the measured significance of
the excess of metal-rich on-bar stars to be less than it would
© 0000 RAS, MNRAS 000, 000–000
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be otherwise. We also have tested and confirmed that the
presence of differences inside the bulge and absence of such
differences outside the bulge is not due to the disparate num-
ber of bulge and out-of-bulge stars.
The excess of low-α stars at larger |z| implies that these
stars are more widely distributed in the vertical direction
(i.e., have a larger scale height) in the inner bar than their
counterparts in the off-bar disc. This is broadly consistent
with previous findings that the inner bar is generally thicker
than the disc outside the bulge (e.g., Wegg & Gerhard 2013),
which is believed to be a result of dynamical heating through
the bar buckling process. The relative deficiency of high-α
stars at larger height in the bar is further evidence that
these stars, compared to the low-α stars, are less subject to
be buckled. In addition, the lack of azimuthal abundance
variation at 3 < rGC < 5 kpc suggests no chemical sig-
nature of the buckling process in the long bar outside the
bulge. It is interesting to note that the presence of consider-
able differences in the MDF and α-DF between the on-bar
and off-bar disc within rGC < 3 kpc implies that if there
is movement of stars between these regions, the process is
either one-directional or inefficient.
3.2 [Mg/Fe]–[Fe/H] distribution
Comparisons of one-dimensional MDFs and α-DFs are in-
formative but could hide additional features due to projec-
tion effects. Thus we unfold the comparison to the [Mg/Fe]–
[Fe/H] plane. Figure 4 shows the density distribution of on-
bar (middle row) and off-bar (bottom row) stars in [Mg/Fe]–
[Fe/H], with one column for each region in the rGC−|z| plane
as indicated in the top row. The black solid lines depict the
median [Mg/Fe]–[Fe/H] relation in each panel. To aid the
comparison, we reproduce the [Mg/Fe]–[Fe/H] density dis-
tribution of the on-bar stars (middle row) as blue dashed
contours in the bottom row. Similarly, we copy the median
[Mg/Fe]–[Fe/H] relation of the off-bar population (bottom
row) as red dashed lines in the middle row. We use both the
median [Mg/Fe]–[Fe/H] relation and [Mg/Fe]–[Fe/H] con-
tours to aid comparison in distribution shape and density
at the same time. (Figure 5, described in §4.2, shows more
directly the differences in the left-hand column.)
The inter-region comparisons in the [Mg/Fe]–[Fe/H]
plane are generally consistent with those from the one-
dimensional MDFs and α-DFs. Outside the bulge, the on-
bar and off-bar stars show remarkably consistent [Mg/Fe]–
[Fe/H] and density distributions in the [Mg/Fe]–[Fe/H]
plane. Inside the bulge, the differences present in the MDF
and α-DF are visible in the [Mg/Fe]–[Fe/H] distribution
plane, as shown in the left and middle-left panels of Fig-
ure 4.
However, there is a feature in the left column that is
challenging to identify in the one-dimensional distribution
functions. The off-bar disc tends to contain fractionally more
stars with solar-like [Fe/H] and [Mg/Fe] than the bar. Al-
though a similar trend seems present in the MDF and α-DF
in Fig. 3, based on abundance distribution functions alone
it would likely be considered an effect of the excess of very
metal-rich stars and larger scale height of low-α stars in the
bar. However, the distribution in the [Mg/Fe]–[Fe/H] dia-
gram shows that the relative excess of solar-like abundance
stars in the off-bar disc deviates from the [Mg/Fe]–[Fe/H]
relation in the bar and results in a different structure of
the low-α branch, compared to the on-bar stars. This sup-
ports the idea that the relative excess of solar-like abun-
dance stars in the off-bar disc is not caused by a deficiency
at other [Fe/H] and [α/Fe], but is an independent feature
(Section 4.2).
4 DISCUSSION
4.1 Comparison with other works
In a recent closely-related work, Bovy et al. (2019) con-
ducted one of the first comparisons of the stellar chem-
ical abundance distributions between on-bar and off-bar
stars using data from APOGEE DR16. The comparison was
performed for the bar and disc within rGC < 5 kpc and
|z| < 0.3 kpc (without spatial resampling). The authors
found that the bar and the off-bar disc have rather simi-
lar distributions in the [Mg/Fe]–[Fe/H] plane, except for a
clear excess of old, metal-poor stars in the bar that was
interpreted as evidence of an early bar formation. In con-
trast, in a study focused on the on-bar/off-bar comparison
at rGC ∼ 3−4 kpc, Wegg et al. (2019) found the in-bar stars
(defined spatially and kinematically) to be on average more
metal-rich than the surrounding disc stars at similar radii.
Queiroz et al. (2020a) also find that the most metal-rich
stars are trapped in the bar at rGC < 5 kpc.
In this study, we conduct the on-bar and off-bar disc
comparison within four spatial bins. To account for the
metallicity gradients, the on-bar stars are resampled to have
a distribution in radius and height identical to the off-bar
sample. Thus we are looking at strictly azimuthal varia-
tions at fixed radius and height. The near-identical chem-
ical abundance distribution between the bar and disc shown
in Bovy et al. (2019) is confirmed outside the bulge region
(3 < rGC < 5 kpc). However, our comparison reveals a dif-
ference inside the bulge (rGC ∼ 2 − 3 kpc), with relatively
more very metal-rich stars and fewer solar-metallicity stars
in the bar than in the disc. These differences suggest that
the buckled inner bar has experienced a somewhat different
SFH from the disc at the same Galactocentric radius (see
Section 4.2).
The main reason for the different conclusions regarding
the bar’s chemistry in Bovy et al. (2019) and this work ap-
pears to be that the comparisons in these two works are con-
ducted on samples with different spatial distributions. The
inner Galaxy has a clear radial metallicity gradient, with the
populations at smaller radii being more metal-poor on aver-
age (Bovy et al. 2019, confirmed in our data before resam-
pling). This positive metallicity gradient, combined with the
concentration of the raw on-bar sample at small rGC, gives
rise to a bar that is on average more metal-poor than the
off-bar disc within the larger bar radius of 5 kpc.
It is very interesting to note that nearby barred galaxies
exhibit intriguing abundance differences within their inner
regions, with the elongated bar being slightly more metal-
rich and α-poor than the surrounding disc (Neumann et al.
2020). Similarly metal-enhanced bars, compared to the disc,
are also seen in barred galaxies in cosmological simulations
(Buck et al. 2018; Fragkoudi et al. 2020). In particular, in
the simulation by Buck et al. (2018), the MDF of the bar
© 0000 RAS, MNRAS 000, 000–000
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Figure 4. [Mg/Fe]–[Fe/H] distribution of on- (middle row) and off-bar (bottom-row) populations in four regions in the inner Galaxy
as indicated in the top row (similar to Figure 3). The density in each panel is outlined by a grey contour, and black solid lines show
the median [MgFe]–[Fe/H] relation. The distribution of the on-bar stars (middle row) is repeated in the bottom row of each column as
blue dashed contours. The median [Mg/Fe]–[Fe/H] relation of the off-bar population (bottom row) is repeated in the middle row as red
dashed curves.
also extends to higher metallicity than the disc. These differ-
ences in the stellar compositions between the bar and disc is
qualitatively consistent with the Milky Way stellar observa-
tions as presented in this study. This implies that the bars in
our Galaxy and in external galaxies likely share a common
formation history.
4.2 Significance of the differences and possible
explanations
In this work we find considerable differences between the
chemical abundance distribution of the bar and off-bar disc
stars at rGC ∼ 2 − 3 kpc and |z| < 0.5 kpc. To highlight
these differences, we take the difference of the normalized
[Mg/Fe]–[Fe/H] density distributions of these two compo-
nents (∆ = bar–disc). Assuming Poisson noise (i.e., square
root of the number of stars, σ), we estimate the significance
of the difference (∆/σ) as shown in Figure 5. Blue shad-
ing indicates chemical compositions that are relatively more
common in the bar, and red shading highlights chemical
compositions more common in the off-bar disc. The relative
excesses of metal-rich stars in the bar and solar-like abun-
dance stars in the disc can be clearly seen.
Although the significance in each individual pixel is gen-
erally smaller than 2, the total significance for these two
features (enclosed by black dashed boxes) is much higher:
5.3 for the red blob at ([Fe/H], [Mg/Fe]) = (−0.1,+0.1) and
5.4 for the blue one at ([Fe/H], [Mg/Fe]) = (+0.5,+0.05).
We also calculate the significance of these two features by
performing a bootstrap resampling. We resample the off-
bar sample 100 times (the same as the resampling of on-bar
stars as described in §2.2) and calculate the difference be-
tween the bar and off-bar disc in the [α/Fe]–[Fe/H] plane for
each resampling. The significance in a given [α/Fe]–[Fe/H]
bin is estimated as the average value of the 100 resamplings
divided by the standard deviation. With this method, the
significance of the red and blue blobs are 4.3 and 6.3, respec-
tively, which confirm that these on-bar/off-bar differences
are statistically significant.
These abundance differences between the bar and disc
reflect differences in the physical processes that regulate
their chemical evolution, including radial migration, gas out-
flow, and SFH. Under the hypothesis that radial migration
has shaped the observed abundance differences, the likely
explanation of the excess of solar-like abundance stars in
the disc at rGC < 3 kpc would be that inward migration of
these stars is more effective onto the disc than onto the bar.
This selective radial migration behavior, however, lacks ob-
servational support and conflicts with simulations in which
inwardly migrating stars are mostly captured by the bar
(Halle et al. 2015). Strong outflows, which could suppress
the formation of metal-rich stars, are also unlikely to be
responsible for the abundance differences, because this sce-
nario would require finely tuned differences between in the
star formation-driven outflow in the central part of the Milky
Way, with stronger outflow in the disc than in the adja-
cent bar. Therefore we consider a varying SFH a more likely
explanation for the observed abundance differences. In the
next section, we explore two possibilities for a varying SFH.
4.3 Effects of quenching and gas accretion
In Lian et al. (2020c) we proposed a three-phase SFH for the
inner Galaxy within rGC < 3 kpc (not divided into on-bar
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Figure 5. Difference in normalized density (∆) between the bar and off-bar disc in the plane with rGC ∼ 2− 3 kpc, divided by Poisson
noise (σ). Blue indicates compositions more common of stars in the bar, while red indicates compositions more typical of stars in the
off-bar disc. The black line denotes the track of the best-fitted chemical evolution model for the bulge in Lian et al. (2020c) (Section 4.3).
Small solid circles on the track indicate constant time interval of 0.1 Gyr for the first 3 Gyr, and the two enlarged circles mark important
transition points in the model. Black dashed boxes highlight the dominant differences between the [Mg/Fe]–[Fe/H] distributions of the
on-bar and off-bar stars. Diagonal and horizontal arrows illustrate two possible variants of the off-bar disc’s evolution track given a SFH
with either faster quenching or recent gas accretion, respectively (Section 4.3).
and off-bar regions). That history consists of an initial star
burst, followed by a rapid star-formation quenching epoch,
and then a long-term secular phase of low-level star forma-
tion. The black curve in Fig. 5 shows the chemical evolution
track corresponding to the best-fitted model of Lian et al.
(2020c). Solid black circles on the track indicate constant
time intervals of 0.1 Gyr for the first 3 Gyr after the initial
star burst. See a more detailed comparison in that paper be-
tween this model and other inner galaxy chemical evolution
models (e.g., Matteucci et al. 2019).
The two enlarged circles at 0.5 and 1.3 Gyr highlight
two important transition points in the model: when the gas
accretion is switched off, and when star formation efficiency
starts to decline. The cessation of gas accretion marks the
end of the initial star burst and the onset of a decrease
in star formation rate (SFR). The drop in star formation
efficiency speeds up the decrease in SFR, which results in
a density gap along the population’s [Mg/Fe]–[Fe/H] track
and a [Mg/Fe] offset between the high- and low-α branches.
Under this three-phase SFH, the [Mg/Fe]-[Fe/H] diagram
can be split into three sections, corresponding to the chem-
ical evolution during the three phases, as indicated by the
vertical dashed lines in Fig. 5.
Based on this star formation framework, we propose two
viable scenarios to explain the observed fractional excesses of
metal-rich stars in the inner bar and of solar-like abundance
stars in the corresponding off-bar disc.
4.3.1 Faster quenching in the disc?
The first possible scenario is that the off-bar disc experienced
a faster quenching process than the bar, which results in a
more rapid decrease in SFR and thus in [Mg/Fe], given less
enrichment in [Fe/H] during the star formation quenching
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phase. As a result, the chemical evolution track of the off-
bar disc during the quenching phase will be steeper than
the fiducial model, as illustrated by the diagonal arrow in
Fig. 5. The disc will thus start its secular phase at lower
[Fe/H] (around solar abundance).
Due to reduced star formation during the quenching
phase, the metal enrichment in the disc, from this point,
is delayed compared to the bar. In this way, the disc will
form more solar-like abundance stars than the bar but fewer
very metal-rich stars, as observed. The underlying physical
mechanism responsible for this faster quenching scenario in
the disc is unclear. One possibility is that the rotating bar
removes gas from the inner disc and pushes it along the
leading edge of the bar towards the Galactic center. As a
result, star formation is suppressed in the disc but contin-
ues on the leading edge of the bar (Neumann et al. 2019;
Fraser-McKelvie et al. 2020). This bar-induced star forma-
tion quenching could also qualitatively explain the quenched
SFH in the off-bar inner disc observed in external galaxies
(James & Percival 2016, 2018) and in simulations (Donohoe-
Keyes et al. 2019), as well as the azimuthal variation of
chemical abundances and SFH in external barred galaxies
(Neumann et al. 2020).
4.3.2 Additional gas accretion in the disc?
Alternatively, the off-bar disc may share the same early
SFH as the bar, but have accreted metal-poor gas at some
point during the secular evolution phase. This newly ac-
creted metal-poor gas dilutes the total metal abundance in
the disc and draws the evolution track backward (to lower
metallicity) in the [Mg/Fe]–[Fe/H] plane, as indicated by the
horizontal arrow in the bottom-right corner in Fig. 5. This
metal-poor gas accretion hinders the formation of metal-
rich stars and instead boosts the number of stars formed
at lower metallicities in the disc. Such late metal-poor gas
accretion has been suggested in many recent works to ex-
plain the [α/Fe]–[Fe/H] pattern of low-α branch in the disc
outside the bulge (e.g., Haywood et al. 2018; Spitoni et al.
2019; Lian et al. 2020a,b).
4.3.3 Disentangling the two scenarios
So far we lack solid evidence from observations or simula-
tions to disentangle these two different SFH solutions. Ex-
tragalactic observations reveal a complex picture of the con-
nection between the presence of a bar and star formation/gas
content in the host galaxy. For example, while many works
find an increased bar fraction in galaxies with lower star
formation activity (Masters et al. 2011) and gas fraction
(Masters et al. 2012; Newnham et al. 2020), other studies
find enhanced central star formation (Wang et al. 2012; Lin
et al. 2017) and high gas concentration in barred galaxies
(Chown et al. 2019). Hydrodynamical simulations predict
gas inflow along the bar towards the galactic center within
the bar cororation radius (Athanassoula et al. 2013; Spinoso
et al. 2017). This seems to disfavor the inhomogeneous gas
accretion scenario described in Section 4.3.2, in which metal-
poor gas inflow preferentially ends up in the off-bar disc.
Note that the faster quenching scenario implies the bar
is already present at early times (∼ 1 Gyr after initial star
formation), while the inhomogeneous gas accretion scenario
has a looser requirement on the bar formation epoch. Con-
straints from simulations to distinguish these scenarios are
scant, however. The formation time of a bar in simulated
galaxies varies dramatically, from less than 1 Gyr to sev-
eral Gyr after the formation of the disc, and depends heav-
ily on host galaxy properties and environment, such as disc
gas fraction, halo structure, and satellite accretion history
(Athanassoula et al. 2013; Spinoso et al. 2017; Zana et al.
2018).
Although very difficult to measure, ages of stars in the
inner MW provide critical—perhaps the best—constraints
on the SFH of our bar and disc and is therefore a promising
approach to differentiate the two viable scenarios. Given the
uninterrupted chemical enrichment in the “disc quenched
faster” scenario, a positive age-metallicity relation of the
low-α population in the off-bar disc is expected. In con-
trast, the inhomogenous accretion scenario would predict a
complicated age-metallicity relation, with a multimodal age
distribution at many metallicities. Hasselquist et al. (2020)
will provide robust age measurements for a large sample of
APOGEE bulge stars. Despite the uncertainty in the age-
metallicity relation due to the 0.2–0.3 dex individual age
uncertainties, preliminary assessment of these ages suggests
a single age sequence in the low-α population in the disc,
favoring the faster quenching scenario.
5 SUMMARY
In this work we investigate the star formation history of
multiple regions in the inner Galaxy: the on-bar and off-bar
disc, further divided by Galactic radius and height. We ex-
plore these histories by analyzing the [Mg/Fe] and [Fe/H]
distributions of stars in each component using abundances
derived by APOGEE. To avoid potential biases in the MDF
and α-DF introduced by radial and vertical chemical abun-
dance gradients in the inner Galaxy, we resample the on-bar
stars to achieve the same spatial distribution in the rGC−|z|
plane as the off-bar sample. The on- and off-bar samples are
then split into four sub-regions in the rGC − |z| plane.
By comparing the one-dimensional MDF, one-
dimensional α-DF, and two-dimensional [Mg/Fe]–[Fe/H]
distributions between the on-bar and off-bar stars in each
region, we find the bar and disc outside the bulge region
(3 < rGC < 5 kpc) to be remarkably consistent; however,
those inside the bulge (rGC < 3 kpc, predominately at
2–3 kpc) show clear differences.
The first of these results suggests the long bar and
disc share a common SFH. In contrast, the on-bar region
in the plane at rGC < 3 kpc contains significantly more very
metal-rich stars ([Fe/H]∼ 0.4), but fewer solar-like abun-
dance stars, compared to the off-bar disc at the same ra-
dius. This difference implies an azimuthally varying SFH
in the inner Galaxy without efficient azimuthal mixing. We
also find the low-α population in the bar tends to have a
wider vertical distribution than its counterpart in the off-
bar disc, which might be a chemical signature of vertical
heating through a bar buckling process (see §3.1 for more
discussion). The absence of this feature outside the bulge
region implies the long bar has not yet buckled.
In a companion paper (Lian et al. 2020c), we propose
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a three-phase SFH for the integrated Galactic bulge that
consists of an initial star burst, then a rapid star formation
quenching, and finally a long-term secular evolution phase.
Under this three-phase SFH, the observed differences in the
abundance distributions between the bar and disc could be
attributed to minor differences in SFH. One possibility is
that the off-bar disc experienced a faster early star forma-
tion quenching; another possibility is that it instead under-
went a recent metal-poor gas accretion. Both scenarios could
in principle explain the higher ratio of super-solar to solar-
metallicity stars in the bar, compared to the off-bar disc.
Existing observations—in the MW, in extragalactic the best
of systems, or in simulations—are not adequate to disentan-
gle these two scenarios. Given early results from stellar age
measurements and gas kinematics in simulations, the faster
quenching scenario is slightly favored.
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